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(54) Memory access time measurement circuit and method 



(57) A circuit for measuring the access time of a 
memory circuit. The circuit includes a storage element 
908 having an input terminal, an output terminal, and a 
clock terminal. The input terminal of the storage ele- 
ment is coupled to an output of the memory circuit 900. 
A clock signal source 906 is coupled to the clock termi- 
nal of the storage element and to a clock terminal of the 
memory circuit. The circuit also includes test circuitry 
902 coLpled to address and control terminals of the 
memory circuit and to the output terminal of the storage 
element. The test circuitry is operable to store or gener- 
ate a test data pattern and compare the pattern to data 
output from the storage element. In one embodiment 



the storage element is a data latch comprising a clock- 
enabled inverter serially coupled with a flip-flop. The flip- 
flop in one embodiment is a cross-coupled inverter stor- 
age cell or "keeper". For a clock signal having a pulse 
length or duty cycle that is longer than the access time 
of the memory circuit, the output of the storage element 
matches the data pattern stored by the test circuitry. As 
the clock frequency is increased, or the duty cycle 
decreased, so that the pulse length approximates the 
access time, the data output from the storage element 
no longer matches the data expected by the test cir- 
cuitry, thus allowing a determination of the access time. 
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Description 

FIELD OF THE INVENTION 

The present Invention generally relates to electronic 
circuits, and more specHically to a circuit and method for 
measurement of access time of a memory circuit. 

BACKGROUND OF THE INVENTION 

The measurement of access time in memory cir- 
cuits is one of the most difficult items in integrated circuit 
testing. Access time is generally defined as the delay 
between the inputting of information to a memory circuit 
and the presence of valid data at the output of the mem- 
ory circuit. One common parameter is the address 
access time, that is. the amount of delay between pro- 
viding a memory cell address and the availability of the 
store data at the output of the circuit. The address 
access times for static random access memory circuits 
(SRAMs) and dynamic random access memory circuits 
(DRAMs) are of the order of tens of nanoseconds. The 
brevity of the access time parameter is one factor in 
making the measurement difficult 

Techniques used in the past have typically relied on 
two or more dock signals to measure access time. This 
is particularly so for synchronous circuits, that Is. mem- 
ory devices in which the transfer of information into, 
within, and out of the circuit is coordinated with a clock 
signal. In one example of an access time measurement 
using multiple clocks, one clock signal is used to regu- 
late the latching of address information and the propa- 
gation of signals within the memory circuit, while a 
second clock is used to regulate the outputting of data. 

The multiple-clock approaches suffer from several 
problems. For example, die space is consumed by the 
pads and lines associated with additional clocks. Typi- 
cally, the additional space on an integrated circuit die 
devoted to testing the integrated circuit is often referred 
to as "test overhead". In addition, in a system that relies 
on two or more clocks, the propagation delay differ- 
ences between the clock signals may affect the accu- 
racy of the access-time measurement. A need exists in 
the industry for a solution to these problems. 

SUMMARY OF THE INVENTION 

In accordance with a particularly preferred emk)odi- 
ment of the invention, there is disclosed a circuit for 
measuring the access time of a memory circuit. The cir- 
cuit includes a storage element having an input termi- 
nal, an output terminal, and a clock terminal. The input 
terminal of the storage element is coupled to an output 
of the memory circuit. A dock signal source is coupled 
to the clock terminal of the storage element and to a 
clock terminal of the memory drcuit. The circuit also 
includes test drcuitry coupled to address and control 
terminals of the memory circuit and to the output termi- 



nal of the storage element. The test circuitry is operable 
to store a test data pattern, or alternatively to generate 
a test pattern, and compare the pattern to data output 
from the storage element. In one embodiment, the stor- 

5 age element is a data latch comprising a clock-enabled 
inverter serially coupled with a flip-flop. The flip-flop in 
one embodiment is a cross-coupled inverter storage cell 
or "keeper". For a clock signal having a pulse length or 
duty cycle that is longer than the access time of the 

10 memory circuit, the output of the storage element 
matches the data pattern stored by the test circuitry. As 
the clock frequency is increased, or the duty cycle 
decreased, so that the pulse length approximates the 
access time, the data output from the storage element 

75 no longer matches the data expected by the test cir- 
cuitry, thus allowing a determination of the access time. 

An advantage of the inventive concepts is that an 
access time measurement is possible using a single 
dock signal. Thus, the test overhead on the integrated 
20 circuit is kept to a minimum and problems with differing 
delays between clock signals are avoided. In addition, 
no extra package pins or terminals are required by the 
measurement approach. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will now be further described 
by way of example, with reference to the accompanying 
drawings in which: 

30 

Rgure 1 is a block diagram of an integrated circuit 
having embedded memory and application-specific 
logic circuits; 

Rgure 2 is a timing diagram showing the synchro- 
's nous operation of a memory circuit; 

Figure 3 is a block diagram of a first preferred 
embodiment circuit; 

Figure 4 is a schematic diagram of a latch circuit 
that may be used in conjunction with the circuit of 

40 Figure 3; 

Rgure 5 is a block diagram of an alternative 
approach to that shown in Figure 3; 
Rgures 6a-6f are alternative latch schemes to that 
shown in Figure 4; 

45 Figures 7a to 7c are timing diagrams showing oper- 
ation of the embodiment; 

Rgures 8a to 8c are timing diagrams showing oper- 
ation of the embodiment measurement technique 
for non-uniform memory cell access times; 
so Rgure 9 is a block diagram of an emtxxliment test 
drcuit; and 

Rgure 10 is a block diagram of an embodiment 
memory integrated circuit. 

55 DETAILED DESCRIPTION OF PREFERRED EMBOD- 
IMENTS 

In the description of the illustrated preferred 
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embodiments of the invention that follow, an access 
time measurement is possible with a single clock signal. 
The techniques may be applied to both synchronous 
and asynchronous circuits and to DRAMs, SRAMs, and 
other types of integrated circuits such as those having 5 
clocked or synchronous input circuits and flow-through 
or nonsynchronous output circuits (flash memory and 
simple adders, for example). Figure 1 is a block diagram 
of how a single-clock access-time measurement tech- 
nique that has been applied to an embedded DRAM 10 
module. In Figure 1. DRAM module 100 is integrated on 
a single semiconductor die 102 with application-specific 
integrated circuit (ASIC) logic module 104. ASIC mod- 
ule 104 may be a microprocessor, microcontroller, dig- 
ital signal processor, or other logic circuit. The clock is 
signal used to regulate the transfer of data into, within, 
and out of the DRAM is provided at clock terminal 106. 
Buffer driver 108 drives the data out of the DRAM circuit 
and into the receiver buffer 1 10 of the ASIC logic mod- 
ule 104. The access time measurement is made by 20 
sampling the output at data output monitor terminal 112. 
The signal from buffer driver 108 is enhanced by a test 
buffer driver 114. 

The circuit of Figure 1 suffers from several prob- 
lems. First, as depicted in Figure 1 , it is typical that the 25 
receiver buffer 1 10 of the ASIC logic module 104 is near 
the middle of the integrated circuit die. while the monitor 
terminal 112 is near the edge of the die. The distance 
between the receiver and the monitor terminal 112 
causes a signal propagation delay that results in error in 30 
the access time measurement. Even more delay in the 
test signal is induced by the additional driver 114 used 
to drive the test signal to the test equipment that is cou- 
pled to monitor terminal 112. 

Figure 2 is a timing diagram of a synchronous 35 
DRAM. Signal (a) is an external clock signal applied 
during testing at terminal 106 in Rgure 1. for example. 
Signals (b) and (c) are the complements of the row 
address and column address strobes, respectively, 
applied during testing at terminals 1 16 and 1 18 in Fig- 40 
ure 1, for example. Signal (d) is the row and column 
address information input at a plurality of terminals 120 
in Figure 1 . for example. Of course, the DRAM oKxlule 
100 and ASIC logic module 104 are connected by a bus 
121 that carries control and acfcJress signals in the oper- 45 
ating mode of the integrated circuit where address and 
control signals are provided to the memory module by 
the ASIC logic module. Only one row address (RO) and 
three column addresses (C0,C1,C2) are shown in line 
(d), but one skilled in the art will appreciate that many so 
more or fewer address bits may be used. The signal in 
line (e) is the data output of the memory circuit. The first 
bits of the output (ROCO) are delayed by three clock 
cycles, hence the CAS latency is three in this example. 
The delay tAc is the access time of the DRAM. The ss 
access time is measured from a rising edge of the clock 
signal, and is not influenced by a falling dock signal 
edge. 



Figure 3 illustrates a particularly preferred embodi- 
ment circuit of the present invention. The block diagram 
of Figure 3 is similar to that of Figure 1 , except that stor- 
age element or latch 322 is coupled between the output 
of the DRAM module 300 and the test monitor terminal 
312. An example of a latch 322 is shown in Figure 4. 
The latch comprises an input terminal 400, an output 
terminal 402, and a clock terminal 404. P-channel tran- 
sistor 408 and n-channel transistor 410 form an inverter 
that is enabled or disabled by transistors 406 and 412 in 
accordance with a clock signal at terminal 404. Inverters 
416 and 418 form a storage ceil or flip-flop core (in this 
embodiment a cross-coupled inverter storage cell) that 
stores the output of the inverter formed by transistors 
408 and 410 until the output changes. The latch may be 
incorporated in the ASIC logic module 304 or in the 
DRAM module 300. 

In operation, when the clock signal at terminal 404 
is a logic high, transistors 406 and 412 are conductive 
and the transistors 408 and 410 act as a conventional 
inverter. For example, a logic high input at terminal 400 
produces a logic low output at node 420. For a logic low 
input at terminal 400. the output at node 420 is a logic 
high. The signal at node 420 is stored by the storage 
cell that comprises inverters 416 and 418. The signal is 
retained by the storage cell until the logic level at node 
420 changes. Inverter 416 also inverts the signal at 
node 420 such that a high logic level input at terminal 
400. for example, produces a high logic level output at 
output terminal 402. The output terminal 402 remains at 
the high logic level until a tow logic level appears at input 
terminal 400. When the clock signal is a logic low, tran- 
sistors 406 and 412 are non-conductive, this tri-stating 
node 420. Therefore, during the low-voltage portion of 
the dock cyde. the output of the latch remains the same 
as the last data at the input terminal 400 during the logic 
high portion of the clock cycle. 

A feature of the latch shown in Figure 4 is that it is 
made transparent by holding the voltage on the clock 
terminal 404 at a logic high. In this condition, a signal 
encounters only slight delay in passing through the 
latch. The latch can also be inadivated when the inte- 
grated circuit is in operating mode rather than test 
mode. By simply holding the clock terminal 404 at a 
logic low, the transistors 406 and 412 are inactivated, 
thereby disabling the inverter formed by transistors 408 
and 410. This feature allows the portions of the inte- 
grated circuit of Figure 3 that are associated only with 
the testing of the circuit to be disabled so as to not inter- 
fere with the normal operations of the integrated circuit 
and to prevent unnecessary dissipation of power in the 
test circuits. The feature of the latch being transparent 
when the clock terminal is held at a logic high makes 
possible the alternative embodiment shown in Figure 5. 
In Figure 3. the latch occupies a shunt position relative 
to the memory module output 324. In Figure 5. however, 
the latch is in the data path from the memory module 
500 to the ASIC logic module 504. With the clock termi- 
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nal 404 of the latch held at a logic high, the latch passes 
the data 524 with only slight delay. Holding the clock ter- 
minal low interrupts a data transfer on line 524. 

One skilled in the art will appreciate that many com- 
parable latches may be used other than the one shown 
in Figure 4. Examples of alternatives include those 
shown in Figures 6a through 6f. 

The operation of the circuit of Figure 3 may be bet- 
ter understood by referring to Figures 7a, 7b and 7c. In 
Figure 7a, line (a) is the dock signal supplied at terminal 
306 In Figure 3, for example. Line (b) is the data output 
of the DRAM module 300. Once a request is made of 
the memory module to provide data from a particular 
cell, a delay of t^c (the access time of the memory) 
elapses before the data appears at the output 324 of the 
memory module. For ^cample, in Figure 7a the address 
for location R0C2 is given to the memory module when 
the rising edge of the clock signal occurs at time t^. 
Time tAc elapses before the data for R0C2 appears at 
the output of the memory module. But since the falling 
edge of the clock signal occurs after the transition in line 
(b) from the R0C1 data location to the R0C2 data loca- 
tion, the latch 322 stores the current value of Dout on 
the falling edge of the dock cyde. In this example, the 
data Dout at the falling edge of the clock pulse that 
begins at ti is R0C2. Hence, in the situation shown in 
Rgure 7a where the portion of the dock cycle that is a 
logic high voltage exceeds the access time period, the 
output of the latch 322, Lout, reflects the current value 
at the monitor point tf^, of the data output from the mem- 
ory module 300. 

In contrast, in Figure 7b a situation is shown in 
which the drcuit of Figure 3 is clocked at a frequency in 
which the logic high portion of the clock cyde is shorter 
than the access times of the cells in the memory mod- 
ule. Therefore, at the falling edge of the clock pulse that 
begins at ti. the data for R0C1 still appears at the output 
even though the data for R0C2 was requested in time t^ . 
Since the falling edge of the clock occurs when R0C1 
was at the input to latch 322. R0C1 Is stored until the 
clock goes low with R0C2 on the latch input. In sum- 
mary, when the clock frequency is fast enough that the 
logic high portion of the clock cycle (the clock pulse) is 
shorter than the memory access time, the latch stores 
the data of the previous requested memory location. But 
when the pulse length is longer than the memory 
access time, the latch stores the data of the currently 
requested memory location (when Dout and Lout are 
compsired at time tM). This is true for locations having 
relatively uniform access times. Figures 8a to 8c show a 
situation where cell access times are nonuniform. 

Figure 7c illustrates that a similar resuK to that in 
Figure 7b can be obtained by simply decreasing the 
duty cyde of the clock pulse while keeping the clock fre- 
quency constant. As in Figure 7b. the falling edge of the 
pulse that begins at t^ occurs with R0C1 is active on line 
(b), even through the R0C2 data was requested at time 

ti. 



Figures 7a to 7c show a situation where the access 
times of the memory cell locations ROCO, R0C1 and 
R0C2 are approximately equal. Thus, in Figures 7b and 
7c, all of tiie Lout data for cell locations ROCO. R0C1 

5 and R0C2 is out of phase with the Dout data for the 
clock frequency variation shown in Figure 7b and for the 
clock duty cyde variation shown in Figure 7c. Even 
though all of the latched data for ROCO. R0C1 and 
R0C2 is out of phase with the Dout data, alt of the Dout 

10 data is latched. The situation is different when the 
access times for data locations are substantially differ- 
ent. 

Figures 8a to 8c show a situation where the access 
times of the memory cell locations are not approxi- 

15 mately equal. Spedfically. in line (b) of Figure 8a. the 
access time. tAoi* of cell R0C2 is much longer than the 
access time, tAC2 of cell R0C3. At the frequency and 
duty cycle of the clock signal in line (a), inspection of 
line (c) shows that all of the data. Dout. in line (b) is 

20 latched. A comparison of the phases of the Dout and 
Lout datastreams however, may not be as valuable as in 
the situation described in Figures 7a to 7c where the 
access times of the data cells were relatively uniform. 
As can be seen in Figures 8b and 8c. when the dock 

25 frequency is increased (Figure 8b) or the duty cycle 
decreased (Figure 8c), not all of the Dout data is 
latched. Indeed, the access time. t/^Q^ of location R0C2 
is long enough and the access time of location ROCS is 
short enough that the data for R0C2 is not latched. 

30 Thus, the sequence of Lout data in Figure 8b is ROCO. 
R0C1, R0C3, rattier than ROCO, R0C1, R0C2. R0C3as 
shown in Figure 8a. Figure 8c shows that a similar result 
can be obtained by decreasing the duty cycle of tiie 
dock signal while holding the frequency constant. 

35 The phenomena described above can be used to 
measure access time. An embodiment iDlock diagram of 
a test system to measure access time is shown in Fig- 
ure 9. One skilled in the art will appreciate that testing 
can be accomplished with test circuitry external to the 

40 integrated circuit or with built-in self test (BIST) circuitry 
on the same semiconductor die as the drcuit to be 
tested. The automatic test drcuitry 902. whether exter- 
nal to the Integrated drcuit or configured on the inte- 
grated circuit as BIST drcuitry, is loaded with a data test 

45 pattern (alternating Os and Is, for example) at terminal 
904 so that the tester can expect a particular data out- 
put for a particular memory address. The skilled artisan 
will also appreciate that the test circuitry can generate 
the test pattern data as needed, rather than retrieve a 

so stored test data pattern as described above. The mem- 
ory drcuit 900 is loaded with the same data pattern that 
is either generated by or loaded into the test circuitry 
along line 901. 

In one approach, the frequency of the dock signal 

55 on line 906 supplied by the test circuitry to the memory 
drcuit 900 and to the latches 908 assodated with each 
output terminal of the memory drcuit Is then set to tog- 
gle at a frequency low enough to ensure that the falling 
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edge of the clock signal occurs after the access time 
has elapsed, as in the situation described above in Fig- 
ure 7a. Alternatively, the test circuitry could set the duty 
cycle of the clock signal to ensure that the falling edge 
occurs after the access time has elapsed. As the test 5 
circuit reads the Lout data from the latches at terminals 
910. it compares that output data to the test pattern 
loaded prior to the test or to the pattern generated by 
the test circuit itself. Since the clock frequency is rela- 
tively low or the duty cycle relatively long the output data 10 
should correspond at a given point in the clock cycle (t^i 
with the data expected for the addresses chosen by the 
test circuitry because the access time of the memory 
circuit is less than the duration of the clock pulse (see 
Figure 7a). As the clock frequency is increased or the 15 
duty cycle decreased, however, the pulse length begins 
to approach the access time of the memory. When this 
occurs, the Lout data from the latch differs from the 
Dout data (see Figures 8b and 8c). The access time of 
the memory can them be determined from the pulse 20 
width or clock frequency at which the difference in Dout 
and Lout occurred. 

This approach to access time measurement 
requires no complex control circuitry. The same clock 
signal is used for both the memory nrKXIule operation 25 
and the Dout latch operation. No additional clock or 
accompanying circuitry is required as is the case with 
prior art approaches. Thus, test overhead on the inte- 
grated circuit is kept to a minimum and problems with 
differing delays between clock signals are avoided. In 30 
addition, no extra package pins or terminals are 
required. 

The embodiments described above relate to a 
memory circuit embedded in an integrated circuit with a 
complex logic circuit. The same concepts can of course 35 
be applied to a discrete memory integrated circuit. 
Another preferred embodiment in accordance with the 
invention is shown in Figure 10. Figure 10 is a block dia- 
gram of a 256 Mb synchronous DRAM having memory 
cells arranged in four banks 1000. The control and 40 
addressing of the DRAM is performed by control circuit 
block 1002. Latency, burst length, and data output for- 
mat is controlled by the mode register 1004. In this 
embodiment, the output 1006 is thirty-two bits wide. The 
access-time test approach applied in the embodiments 45 
above is also applied here. Associated with each of the 
thirty-two output lines 1008 (shown in Figure 10 as a 
single line for simplicity) is a latch 1010. and a test ter- 
minal 1012. Abutter driver 1014 may also be included to 
enhance the output signals. Only one set of the latch, so 
test terminal, and buffer drive is shown in Figure 10, but 
it should be noted that each output line is coupled to a 
similar set of circuit elements. The clock signal that con- 
trols the operation of the memory circuit at terminal 
1016 is coupled by line 1018 to latch 1010 to synchro- 55 
nize the latching of output data with memory operation. 
The access time test Is performed as described above 
with reference to the embedded memory circuit. 



White this invention has been described with refer- 
ence to illustrative embodiments, this description is not 
intended to be construed in a limiting sense. Various 
modifications and combinations of the illustrative 
emtx)diments. as well as other embodiments of the 
inverition, will be apparerrt to persons skilled in the art 
upon reference to the description. 

Claims 

1. A circuit for measuring the access time of a mem- 
ory circuit, comprising: 

a storage element having an input terminal, 
coupled to an output of said memory circuit; 
a clock signal source coupled to a clock termi- 
nal of said storage element and to a clock ter- 
minal of said memory circuit; and 
test circuitry coupled to address and control 
terminals of said memory circuit and to an out- 
put terminal of said storage element, said test 
equipment operable for storing or generating a 
test data pattern and for comparing said pat- 
tern to data output from said storage element. 

2. The circuit of Claim 1, wherein said test circuitry 
comprises integrated on a semiconductor die with 
said memory circuit. 

3. The circuit of Claim 1 or Claim 2. wherein said 
memory circuit is a dynamic random access mem- 
ory circuit. 

4. The circuit of Claim 1 or Claim 2, wherein said 
memory circuit comprises a static random access 
memory circuit. 

5. The circuit of any preceding Claim, wherein said 
memory circuit comprises a non-synchronous out- 
put. 

6. The circuit of any preceding Claim, wherein said 
storage element comprises a latch. 

7. The circuit of Claim 6. wherein said latch comprises 
a clock- enabled inverter connected in series with a 
flip-flop. 

8. The circuit of Claim 7, wherein said flip-flop forms a 
cross-coupled irrverter storage cell. 

9. An integrated circuit, comprising: 

control circuitry arranged to be coupled to a 
memory cell array; 

a clock signal Input terminal arranged to be 

coupled to said control circuitry; 

a plurality of output terminals arranged to be 
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coupled to said memory cell array; 

a plurality of storage elements arranged to be 
coupled to each of said output terminals; and 
a test terminal arranged to be coupled to each 
of said storage elements. 

10. The integrated circuit of Claim 9. wherein said stor- 
age element comprises a latch. 

11. The integrated circuit of Claim 10, wherein said 
latch comprises a clock-enabled inverter connected 
in series with a flip-flop. 

12. The integrated circuit of Claim 1 1 , wherein said flip- 
flop forms a cross-coupled inverter storage cell. 

13. The integrated circuit of any of Claims 9 to 12, fur- 
ther comprising a microprocessor, arranged to be 
coupled to said control circuitry and to said plurality 
of output terminals. 

14. The integrated circuit of any of Claims 9 to 13, fur- 
ther comprising a digital signal processor, arranged 
to be coupled to said control circuitry and to said 
plurality of output terminals. 

15. A method of measuring the access time of a mem- 
ory circuit, comprising the steps of: 

coupling a storage element to an output of said 
memory circuit; 

providing a clock signal to said memory circuit 
and to said storage element; 
storing a test data pattern in said memory cir- 
cuit; 

retrieving said test data pattern from said mem- 
ory circuit by operating said memory circuit and 
said latch with said clock signal; and 
comparing said retrieved data pattern with a 
second data pattern. 



quency such that said retrieved test data pat- 
tern substantially matches said second data 
pattern; and 

increasing said clock frequency such that said 
5 retrieved test data pattern substantially does 

not match said second data pattern. 

19. The method of any of Claims 15 to 18, further com- 
prising the steps of: 

10 

retrieving said test data (Dattern at a clock duty 
cycle such that said retrieved test data pattern 
substantially matches said second data pat- 
tern; and 

15 decreasing said dock duty cycle such that said 

retrieved test data pattern substantially does 
not match said second data pattern. 

20. The method of any of Claims 15 to 19, wherein said 
20 Step of coupling a storage element to an output of 

said memory circuit comprises coupling a latch to 
an output of said memory circuit. 

21. The method of Claim 20, wherein said step of cou- 
25 pling said latch comprises coupling a circuit com- 
prising a dock-enabled inverter in series with a flip- 
flop to an output of said memory circuit 

22. The method of Claim 21, wherein said step of cou- 
30 pling said circuit comprising a clock-enabled 

inverter in series with a flip-flop comprising coupling 
a drcuit comprising a clock-enabled inverter in 
series with a cross-coupled Inverter storage cell. 

35 



40 



16. The method of Claim 15. wherein said step of com- 
paring said retrieved data pattern comprises com- 
paring said retrieved data pattern with second data 
pattern that is stored externally to said memory dr- 45 
cuit. 



17. The method of Claim 15, further comprising the 
step of: 

so 

generating said second data pattern during 
said step of comparing said retrieved data pat- 
tern with said second data pattern. 



18. The method of any of Claims 15 to 1 7. further com- 55 
prising the steps of: 



retrieving said test data pattern at a clock fre- 
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(54) Memory access time measurement circuit and method 



(57) A circuit for measuring the access time of a 
memory circuit. The circuit includes a storage element 
908 having an input terminal, an output terminal, and a 
clock terminal. The input terminal of the storage ele- 
ment is coupled to an output of the memory circuit 900. 
A clock signal source 906 is coupled to the clock termi- 
nal of the storage element and to a clock terminal of the 
memory circuit. The circuit also includes test circuitry 
902 coupled to address and control terminals of the 
memory drcuit and to the output terminal of the storage 
element. The test circuitry is operable to store or gener- 
ate a test data pattern and compare the pattern to data 
output from the storage element. In one embodiment. 



the storage element is a data latch comprising a clock- 
enabled inverter serially coupled with a flip-flop. The flip- 
flop in one embodiment is a cross-coupled inverter stor- 
age cell or "keeper". For a clock signal having a pulse 
length or duty cycle that is longer than the access time 
of the memory circuit, the output of the storage element 
matches the data pattern stored by the test circuitry. As 
the clock frequency is increased, or the duty cycle 
decreased, so that the pulse length approximates the 
access time, the data output from the storage element 
no longer matches the data expected by the test cir- 
cuitry, thus allowing a determination of the access time. 
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